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In recent years, interest in the morphometry of the fibular nerve has increased due to various experimental studies, including its use as a model for nerve regeneration. The use of the fibular nerve in studies of nerve regeneration was boosted after the reintroduction of the end-to-side neurorrhaphy 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 23, 13 . We were not able to find many references to the unmyelinated axons of the fibular nerve in these and other recent studies. Few investigations have been devoted to gathering histomorphometric data about these axons. One research paper showed that unmyelinated fibers in the fibular nerve include both sympathetic (27%), and sensory fibers (73%), and that the total number of unmyelinated axons ranged from 3,351 to 4,792 14 . Subsequent investigators reported values ranging from a minimum of 2,960 unmyelinated axons 15 to a maximum of 5,000 16 . Few experiments using end-to-side neurorrhaphy with the previously sectioned fibular nerve addressed the issue of regeneration of unmyelinated fibers [17] [18] [19] . This study aims to evaluate aspects of the histology and morphology of the unmyelinated fibers of the rat common fibular nerve, bringing new and significant baseline anatomical data to researchers in the field of nerve regeneration and others.
METHOD Animals
The institutional "Animal Experimentation Ethics Committee" at the Medical School of Ribeirão Preto approved the study (024/2010). We performed analyzes of the fibular nerve using 10 adult female Wistar rats aged 130 days, and each weighing 250g-300g. They were maintained with 12-hour light-dark cycle, a temperature of between 20-24°C, and free access to food and water.
Surgical procedures
The animals were anesthetized using ketamine chloridrate (75 mg/kg) and xylazine (15 mg/kg) administered intraperitoneally. After the sciatic nerve and its branches were exposed (Figure 1 ), the fibular nerve was dissected. The nerves were moistened in situ using 2% glutaraldehyde and removed. The distal portion of the left common fibular nerve was immersed in a 2% glutaraldehyde solution for 48h at 4°C. The nerve fragment was washed with sodium cacodylate buffer, postfixed in 1% osmium tetroxide, and progressively dehydrated and embedded in Epoxy resin (Epon 812 ® ). After removal of the nerve, the animals were euthanized using a double dose of the same anesthetics. The nerve was cut into 0.5 μm thick sections using a microtome (MT 6000XL-RMC), stained with toluidine blue, and mounted using Entellan ® for light microscopy analysis. Details of the methods used have been published in previous studies 6, 20, 21 .
Transmission electron microscopy procedures
The plastic embedded blocks were cut using an ultramicrotome (Carl Zeiss, model G/214711) into 80 nm-thick sections. The sections were put on oval grids covered with 5% Formvar film (Formvar Solution in Ethylene Dichloride, E.M.S. Inc) and stained with 5% uranyl acetate and 0.5% lead citrate. They were analyzed using a transmission electron microscope (JEM-100CXII, JEOL Ltda.) equipped with a digital camera (Hamamatsu ORCA-HR, model C4742-51-12HR). The images were obtained sequentially to scan the complete cross-sectional area of each nerve fascicle. Even so, it was necessary to leave some gaps between two sequential samples to avoid overlapping of the scanned fields. Photomicrographs at 14,000X magnifications were taken manually and sequentially while scanning ( Figure 2 ). We scanned 62% of each fascicle area. Each digital image obtained from microscopic fields was 14.0 μm wide by 14.0 μm high and 1024x1024 pixels in tagged image file format (TIFF), and all of them were analyzed. Due to the variability of the fascicular area, the average number of images obtained was around 413 per nerve. 
Unmyelinated axons assessment
The axonal area, total number of axons, axonal density (axons/mm 2 ), and the minimum axonal diameter (μm) were measured using ImageJ software (ImageJ 1.47 National Institutes of Health (USA). The system was calibrated to obtain measurements of the axonal area and minimum diameter of unmyelinated axons. At 14,000X, every 1024 pixels corresponded to 14 μm.This value was obtained using an electron microscopic image of a 1 μm mesh grid as reference. Each unmyelinated axon was surrounded using ImageJ's "polygon tool" (Figure 3 ). The selected and surrounded axons measurements were stored using the "ROI Manager" tool. Unmyelinated axons were correctly identified using established criteria 22 : 1. The axons had a circular or oval profile; 2. They were surrounded by Schwann cell cytoplasm forming mesaxons; 3. The axoplasm of unmyelinated axons was clearer than the cytoplasm of the respective Schwann cell; 4. the axons were clustered into "units", which had a direct relationship with Schwann cells; and 5. There was a basal lamina surrounding each fiber unit externally (Schwann cells and axons). Only axons with a circular shape were measured, and the irregular and obliquely sectioned axons were only counted. The area of each fascicle was analyzed. The internal fascicular area measures (mm 2 ) were similar to those obtained in semithin sections, and so we measured fascicular area in semithin sections (Figure 4 ). The methods that we used in this study are as reliable or more reliable than those used in our previous studies [23] [24] [25] [26] . We represented the frequency distribution of the unmyelinated axons as a histogram, with axon diameters separated into class intervals increasing by 0.2 μm. All morphometric data were expressed as mean ± standard deviation.
Statistical analysis
The obtained data were analyzed using SPSS v.17.0 (SPSS Inc., Chicago, IL, USA) statistical software. Student's t-test allowed the comparison of the total number of unmyelinated axons with other reports in the literature. Differences were considered significant when p ≤ 0.05.
RESULTS
The morphometric data obtained from the ten fibular nerves is presented in Tables 1 and 2 . The frequency distribution obtained for axon diameter is presented as a histogram (Figure 4 ). Typical fibular nerve samples exhibited a single fascicle surrounded by a well-defined perineurium ( Figure 5 ). The perineurium consisted of a uniform cell layer that separates the epineurium from the endoneurium. Unmyelinated axons could be distinguished from myelinated axons in photomicrographs. Unmyelinated axons could be characterized by the distinctive features of their mesaxons, microtubules, neurofilaments and the mitochondria in the endoneurial space. Their diameters were highly variable as was the degree of circularity of their cross sections. We also identified the following structures in endoneurial space: Schwann cells nuclei and cytoplasm, myelinated fibers, endothelial cells of capillaries, mast cells, fibroblasts, and collagen fibers that had been crosswise or obliquely. Schwann cell nuclei were recognized by their closeness to myelinated and unmyelinated axons ( Figure 6 ). We measured 8,931 unmyelinated axons in the ten animals, and only counted the axons that at least partially appeared in the images. All studied nerves had a unimodal distribution of unmyelinated axon diameters. The peak of the histogram was at 1.0-1.2 μm (Figure 4 ).
DISCUSSION
We used previous data obtained in our laboratory to estimate that the ratio of myelinated fibers to unmyelinated axons in the common fibular nerve of adult Wistar rats is approximately 1:1 20 . Although the rat common fibular nerve is mainly motor, we expected to find more unmyelinated axons than we did. Our results showed less than half the number of unmyelinated axons in the typical common fibular nerve than in a previous study, which estimated 4,171 ± 565 axons 14 . A further study by the same group investigated the regenerated fibular nerves of Wistar rats after a nerve crush. They estimated 2,960 unmyelinated axons in the distal portion of the nerve and gave no standard deviations 15 . More than 4,600 unmyelinated axons were found in a study aiming to evaluate the effect of laser beams on nerve fibers of the fibular nerve in rats 16 . Differences in the sample size used for estimating the total number of fibers and other methodological differences may at least partly explain the difference between our results and those of other authors. Our samples were fixed in 2% glutaraldehyde and embedded in Epoxy resin (Epon 812 ® ). The other authors perfused the hind paws with 4.0%, 2.5%, and 5% glutaraldehyde respectively. The first two authors embedded their samples in Epon 812
® as we did 14, 15 . One other author used Epon-Araldite ®16 . The previous studies used conventional mesh grids to obtain their electron micrographs while we used oval grids with a single opening covered with a Formvar ® film. Conventional . During the developmental period, the rat sciatic nerve is known to have more axons than are present in adult rats. Profuse axonal branching is eliminated during the process of maturation 29 . Comparative experimental studies may differ in their results due to the maturation of the rat's body and the accompanying morphological changes 30 . One author studied younger animals that were still growing, and we studied adult rats 14 . The axonal diameters found in the same study were 0.78 μm on average while ours were 0.96 μm. During the process of axonal maturation, the axonal diameter is less than in adult animals. Our sample size was larger than previous research groups. We evaluated ten animals while others studies included four, one, and six animals, respectively 14, 15, 16 . It is noteworthy that using Student's t test, there are significant differences between our results and those of two others authors (p = 0.004 and p < 0.001 respectively) 14, 16 . The methodology that we have employed and the larger size of the nerve area sampled, both argue for the reliability of the findings presented here. Our findings indicate that the number of unmyelinated axons of the common fibular nerve is smaller and their axon diameters larger than have been recognized hitherto.
grids are associated with a higher chance of error, due to the overlapping of thin sections on the grid meshes divisions, hiding part of the images and limiting the evaluation. Oval grids do not obstruct any portion of the full fascicle image, allowing its entire area to be scanned. This may be one of the reasons why the other authors presented data that was based on scanning a smaller area of the nerve fascicle than we did. In a study, data were obtained from 3 to 70% of the cross-sectional area of the nerves examined and did not precisely indicate the fibular nerve area sampled 14 . Other investigation sampled 6 to 10% of the sectional nerve area 15 . The total number of unmyelinated axons was estimated based on the analysis of 15% of the nerve area in a third study 16 . Our quantification of the number of unmyelinated axons in the typical fibular nerve was based, on average, on measurements conducted over 60% of the nerve's cross-sectional area. The area sampled by the other authors was at least six times smaller. Their estimations were based on the proportion of both unmyelinated axons and myelinated fibers (the specific ratio was not given). We extrapolated the total number of axons from the scanned area to the complete fascicular area.
Another reason for differences between other authors' data and ours could be the age of the animals studied. We examined rats that were approximately 18 weeks old (130 days). Studies evaluated rats five and half weeks old (39 days) but without giving any age information [14] [15] [16] . The observed differences may be related to differences in the length of the developmental period. The growth process of the skeleton is completed between 120-140 days of age, and they are regarded as adults after that 27 . The process of growth and development in rats involves three distinct phases. The initial phase is termed hyperplasia ( first 17 days of life). The intermediate phase is referred to as hyperplasia-hypertrophy (17 to 48 days). The last 
